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THERMj^ T MAC3ING SYS TEM AMD MRTur^r^ 

This invention relates to a thermal imaging system and 
method for generating high precision temperature images of 
5 a scene. 

Thermal imagers provide two dimensional temperature 
images of a scene. Typically, such devices observe and 
measure infrared emission from the scene, thus providing a 
measure of temperature without being in contact with the 
source. Infrared energy is emitted by all materials at 
temperatures above absolute zero. This energy travels in 
the form of electromagnetic waves with wavelengths 
typically in the range 0.7 microns to 20 microns, when an 
15 infrared ray is intercepted by a body which is not 
transparent to the infrared spectrum, it induces electronic 
transitions or its energy is converted into heat and the 
infrared rays may be observed. 
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On striking a material surface, part of the infrared 
energy will be absorbed, some will be reflected and the 
remainder transmitted through the object. Of the energy 
absorbed by the material, a proportion may be re-emitted. 
Together, these phenomena determine the "emissivity" of the 
material. A "black body" is a hypothetical object or 
system which does not reflect or transmit any infrared 
energy incident upon it. All such radiation is absorbed 
and the black body re-radiates energy characteristic of the 
its temperature only. A true black body has an emissivity 
of 1 but the nearest that can be achieved in practice is 
about 0.998, using an infrared opaque cavity with a small 
aperture . 

Infrared imaging systems convert the energy 
transmitted in the infrared spectrum into a visible light 
image. This is generally termed "thermography" and has 
applications in a wide range of fields ranging from 
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monitoring metal melts to night vision or security imaging. 
Other applications include medical imaging, process control 
and non-destructive testing. Generally speaking, such 
applications fall into one. of two categories. Surveillance 
5 applications such as criminal tracking or building 
inspection require high resolution images but low accuracy 
temperature measurements are acceptable. On the other 
hand, industrial and medical uses require radiometric 
images which provide quantitative readings of the 
10 temperatures observed. 



Several types of infrared sensing devices are 
available. A spot or point radiometer measures radiation 
from one particular point at a time, and outputs a reading 
15 showing the temperature of that point. A thermal line 
scanner shows radiant temperature along a line. A thermal 
imaging camera produces a temperature map of the full 
scene. Typically, thermal imaging cameras make use of a 
focal plane array (FPA) detector to observe the infrared 
20 energy emitted from a scene. FPA detectors consist of an 
array of detectors positioned in the plane at which the 
image of the scene is focussed. This results in high 
resolution thermal images. Conventional radiometric FPAs 
use photon detectors which effectively coxint infrared 
25 photons over a short period of time. Typical detectors are 
fabricated from mercury cadmium telluride material in 
various compositions. In typical industrial use, these 
detectors have a long wavelength sensitivity cut-off at 
about 5 microns and must be cooled to temperatures of 
30 approximately -80°C. Such imaging devices based on photon 
detectors achieve high accuracy but are complex and 
expensive. Some industrial applications benefit from 
sensing at longer wavelengths, for example in the 
wavelength region 8 to 14 microns. Photon detector arrays 
can be made to operate at these wavelengths but require 
even more cooling, typically down to -200°C and the 
resulting instruments are even more complex and expensive. 



35 



wo 2004/097389 



PCT/GB2004/001778 



A new generation of imagers has recently emerged which 
use uncooled focal plane array detectors. An array of, 
typically, bolometers is located in the camera's focal 
plane. On striking the bolometer, an incident infrared ray 
5 will cause an increase in the temperature of the bolometer 
and therefore a change in its electrical resistance. The 
resistance of the bolometer may be measured and the 
incident infrared energy calculated. Detectors other than 
bolometers may be used, for example thermopiles or 

10 pyroelectrics. They are referred to as thermal detectors 
since the detection process involves the conversion of 
infrared energy to heat. The main advantage of a thermal 
detector array is that it may be operated at close to room 
temperature. The complex cooling systems of previous PPAs 

15 are therefore not required and the resulting thermal- 
imaging device is simpler, smaller and less expensive. 
Thermal detectors are also wideband; that is they respond 
equally to infrared radiation of all wavelengths, in 
particular they do not exhibit the sharp long-wavelength 
20 cut-off typical of photon detectors. 

Thermal imagers based on uncooled FPA detectors are 
very sensitive but not very radiometric: the relation 
between the image and the temperatures in the scene is only 
25 semi-quantitive. In part, this is due to the fact that 
uncooled FPA detectors are typically operated at long 
wavelengths, typically 8 to 14 microns and as a consequence 
are influenced by emissions from the internal parts of the 
camera. As such, imaging devices based on this technology 
are useful for surveillance but are not suitable for use in 
industrial applications which require more accurate 
knowledge of the measured temperatures. It would be 
advantageous to improve the accuracy of the image output 
from an uncooled FPA camera, resulting in a highly 
35 quantitative temperature imaging apparatus which is 
inexpensive and suitable for industrial use. one 
application in which such an apparatus would be 
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particularly desirable is monitoring the tettperature of 
metal heat exchangers during testing. Conventional 
techniques require thermometers to be in contact with the 
metal heat exchanger which, in practice, allows only a 
small number of point measurements. what is needed is an 
apparatus which produces a detailed, spatially- resolved, 
temperature map with high temperature accuracy. 

WO03/077539, for example, proposes a method of 
calibrating an infrared camera by use of an advance 
calibration sequence. The method involves exposing the 
detector to a reference surface at a known temperature and 
for a known time. This is repeated several times in order 
to characterise the response of each pixel in the detector 
15 array. The results are stored and used to calibrate 
subsequent measurements made by the detector. The method 
is particularly adapted for the situation in which the 
reference surface is, by necessity, at a substantially 
different temperature to that of the object to be measured 
20 The requirement of a pre -measurement calibration sequence 
however is undesirable as it results in a complex 
temperature measurement method and increases the amount of 
time needed to set up and obtain the measurement; 

25 In accordance with the present invention, a thermal 

imaging system for quantitative thermal mapping of a scene 
comprises a thermal imaging device; a first heat source of 
known temperature and emissivity, located within the scene 
viewed by the thermal imaging device; and a processor 
adapted to generate a calibrated temperature map of the 
scene from the data supplied by the thermal imaging device, 
based on the known temperature of the heat source. 
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By providing the imaging system with a known 
temperature reference point, the data supplied by the 
thermal imaging device may be calibrated resulting in a 
highly radiometric output image. This makes it possible to 
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use uncooled focal plane array detector technology to 
produce accurate temperature measurements suitable for 
industrial applications, whilst remaining inexpensive and 
straightforward to use. 

5 

By placing the heat source in. the field of view of the 
thermal imaging device, for example alongside the object 
whose temperature is to be measured (which also remains in 
the field of view) , calibration and temperature measurement 
10 may effectively be carried out simultaneously. This 
removes the need for an advance calibration sequence and so 
makes the thermal imaging system easy to use and versatile. 

The invention further provides a method of generating 
15 a quantitative thermal map of a scene, the method 
comprising positioning a first heat source of known 
temperature and emissivity within the scene; imaging the 
scene using a . thermal imaging device; and generating a 
calibrated temperature map of the scene, based on the known 
temperature of the heat source, using a processor. 
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Alternatively, "natural" objects in the scene may be 
used as heat sources, in which case the invention further 
provides a method of generating a quantitative thermal map 
25 of a scene, the method comprising: 

selecting at least part of an object in the scene, of 
known emissivity; 

measuring the temperature of the at least part of an 
object, the at least part of an object becoming a first 
30 heat source; 

imaging the scene using a thermal imaging device; and 
generating a calibrated temperature map of the scene, 
based on the measured temperature of the heat source. 

35 The invention may therefore be used in a number of 

different applications, including temperature monitoring of 
metal heat exchangers. A further important example is in 
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the monitoring of the surface temperatures of living 
subjects such as humans or animals, with a view to 
Identifying subjects which may be suffering from a disease. 

Preferably, the thermal in,aging system further 
comprxses a second heat source of known temperature and 
emxssxvxty, located within the scene viewed by the thermal 
xmagxng device and the processor is adapted to generate the 
calibrated temperature map from the data supplied by the 
thermal imaging device, based on the known temperatures of 
both the first and the second heat sources. By providing 
the system with two known temperature reference points the 
processor is able to more accurately determine ' the 
correction required to calibrate the image. 

Generally, the thermal imaging system further 
comprises means for measuring the temperature of the or 
each heat source and communicating the temperature to the 
processor. The temperature of the heat sources may be 
measured by various means such as a contact sensor or an 
infrared thermometer. The temperatures may be adjustable 
by electronic means such as resistance heating means or a 
device operating on the Peltier principle. Preferably, the 
control Of each heat source is effected by electronic 
circuitry local to that heat source with the set-point 
temperature communicated from the processor. Typically 
the temperatures of the heat sources will be controlled to 
DUst above and just below the temperatures of interest in 
the scene . 

Preferably the or each heat source is located close to 
the target object of primary interest in the scene. This 
has the effect that atmospheric absorption in the sight 
path to the target, for example caused by smoke or fume 
affects the measurement of the heat sources and the target 
ob3ect equally and is calibrated out by the system 
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Preferably, a temperature range of the thermal imaging 
device is adjustable by the processor. Typically, this 
temperature range is adjustable by the processor in 
accordance with the known temperature of the or each heat 
5. source. This enables the system to be optimised and 
thereby produce the most accurate, and highest resolution ' 
image of the scene as possible. 



Generally, the thermal imaging device comprises a 
10 focal plane array (fpa) detector and preferably the PPA 
detector is an uncooled FPA detector. Preferably the 
thermal detectors are bolometers and the thermal imaging 
system further comprises means for maintaining the 
temperature of the fpa detector at close to room 
15 temperature. Typically, the temperature of the PPA 
detector is maintained by means of a device operating on 
the Peltier principle. 



25 



Typically the imaging device is encased in a 
20 protective housing. This may include an internal heater 
controlled by a thermostat, and provision for liquid 
cooling. The housing may also incorporate an air purging 
system and a protection window. 



Preferably the or each heat source has a surface 
finish substantially identical to that of the target object 
of primary interest in the scene. In this case reflected 
radiation affects the measurement of the heat sources and 
the target object equally and is calibrated out by the 
30 system. For example, it is preferable that the or each 
heat source comprises at least a portion of an object 
forming part of the scene to be thermally mapped, in which 
case the temperature of the object may be measured using 
contact thermometers, for example. 

35 

In situations where it is not practicable to mimic the 
target object's surface finish, preferably, the or each 
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heat source is a black body source. m practice the 
sources will not be perfect black bodies but may be close 
approximations with a high and stable emissivity due to a 
cavity structure or an appropriate coating. 

Some examples of thermal imaging systems in accordance 
with the present invention will now be described with 
reference to the accompanying drawings, in which :- 
^ Figure 1 is a schematic diagram depicting a thermal 
10 imaging system imaging a scene; 

Figure 2a is an optical ray diagram indicating the 
position of the focal plane in a converging lens system; 

Figure 2b is a schematic representation of a thermal 
imaging device comprising a focal plane array detector- 

Figures 3a to 3c show an example of a reference heat 
source which may be used in the thermal imaging system of 
Figure 1; and 

Figure 4 shows the thermal imaging system in use in an 
example application. 
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The thermal imaging system 1 depicted schematically in 
Figure 1 comprises a thermal imaging device 2. connected to 
a processor 3 which in turn communicates with heat sources 
6 and 7 and display device 4 . The thermal imaging device 
2 has a field of view (defined by dashed lines 9) which 
includes both heat sources 6 and 7 and an object 8 m 
this example, the object 8 comprises a conveyor belt 8a 
carrying hot material 8b, for example molten metal. The 
heat sources 6 and 7 are placed in the scene to be imaged, 
at the same time as the imaging, and are external to the 
thermal imaging device 2 . it is helpful to place the heat 
sources 6 and 7 close to the object 8. 

The heat sources 6 and 7 are designed to emulate black 
body sources, having a high and stable emissivity The 
processor 3 communicates with the heat sources 6 and 7 to 
control the temperature of each heat source 6 and 7 and to 
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know the accurate temperature of the heat source 6 and 7 at 
all times. The temperature of each heat source 6 or 7 may 
be measured by a variety of means including a contact 
sensor or an infrared thermometer. Each heat source may be 
set to the desired temperature by electronic means such as 
resistance heating means or a device operating on the 
Peltier principle, for example. The temperature of each 
heat source is set to be close to that of the scene to be 
imaged. The accuracy of the calibration is improved by 
maintaining the two heat sources 6,7 at just above and just 
below the temperature of the object 8 whose temperature is 
to be measured. 

Thermal imaging device 2 receives the infrared energy 
emitted from all of the bodies within its field of view. 
The thermal imaging device 2 detects the incident infrared 
energy and converts it into electrical signals which are 
passed to the processor 3 . The processor 3 uses this data 
to form a virtual thermal image of the scene, comprising an 
array of pixels. The image is "virtual" because it is not 
output from the processor 3 . Each pixel corresponds to 
one of the detectors 15 in the thermal imaging device 2 and 
is indicative of the quantity of infrared energy incident 
on that detector 15. This is a measure of the temperature 
of a portion of the scene viewed by the thermal imaging 
device 2 . 



The heat sources 6 and 7 are imaged onto localised 
areas of the detector array and represented by two groups 
of pixels in the virtual image, it is usual that the group 
of pixels include only a subset of the pixels making up the 
whole virtual image. The remaining pixels represent the 
various objects 8 in the scene. The temperature indicated 
by each group of pixels is known to correspond to the known 
35 temperature of its respective heat source 6 or 7. The 
processor uses these pixels and the known temperatures and 
of the heat sources 6 and 7 to determine the offset between 
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the actual temperature and the temperature indicated by the 
pxxels This corxection is then applied to the entire 
vxrtual xmage, resulting in a calibrated temperature map 5 
of the scene in which the temperatures of the various 
5 bodxes are represented by different colours from the 
Visible spectrum. 

as the target objects of interest then the calibra^^o^^ 
10 calculation is as follows: calxbratxon 

Let the uncorrected camera temperatures for the first 

De tl,t2 and t3 respectively, and the true, known 
15 temperatures of the heat sources 6 and 7 be Ti an^ 

respectxvely. The true temperature of the target poTnt T3 
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T3 = A . t3 + B 



Where A and B are constants found by solving: 



Tl = A . tl + B 
T2 = A . t2 + B 



th. ? ^™"«^vxtxes of the heat sources 6 and 7 and 

the target poxnt are different but known to be E1,E2 and E3 
respectively, then the calculation becomes: 



30 El . f (Tl) = a . f (tl) + b 
E2 . f(T2) = a . f (t2) + b 



where the functions f () are the Planck Radiation Function 
multxplxed by the spectral responsivity of the camera' 
xntegrated over the spectral bandwidth of the camera 

These two equations are solved for constants a and b, and 



40 E3. (T3) = a . f (t3) + b 
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is solved for f(T3) 



T3, the true temperature of the target point, is then 
obtained by inverting the function f(T3). As shown, the 
5 calibration calculations are carried out based on the two 
Icnown heat source temperatures and thus a series of 
measurements, e.g. at different exposure times, is not 
required. In fact, the exposure time need not be adjusted 
or specially controlled for operation of the calibration 
10 method. 

It should be evident that the above treatment assumes 
similarity of behaviour between different pixels in the 
array. In practice, dissimilar behaviour may be pre- 
compensated for by various correction routines applied to 
the thermal imaging device, including non- uniformity and 
bad pixel corrections. 



The calibrated temperature map 5 is output by the 
20 processor 3 to the visual display unit 4. In the example 
shown in Figure 1, high temperatures are indicated by dark 
regions and cool temperatures by light regions. The heat 
sources 6 and 7, shown in the calibrated temperature map 5 
as points 6- and 7-, have different temperatures from one 
25 another. This need not be the case, but it is advantageous 
to arrange the heat sources in such a manner since the 
accuracy with which the image may be calibrated by the 
processor 3 is improved. 

^° calibrated temperature map 5 provides a 

quantitative measure of the temperature of each body within 
the field of view of the camera. The temperature of the 
object 8, or a portion of it, may therefore be accurately 
determined without the need for contacting thermometers or 

35 con5>lex cooled PPA detectors. Further, there is no 
requirement for a calibration sequence to be carried out in 
advance . 



The thermal imaging device 2 is shown in more detail 
in Figures 2a and 2b. Figure 2a indicates the position of 
the focal plane (PP) in a converging lens system. Light or 
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infrared rays are depicted as straight solid lines, it can 

iLTT^ "'''""^ '""""^"^ magnified by the 

" ^ distance f behind the lens 

5 and th^'l """J '"^^ Of the lens 11, 

Plane (f?k" '"^^ '""^^ ^^""^^ ^« fo^ai 

in this example, the thermal imaging device 2 

10 14T/ ^ " f"""' """"^ ^^'^^ • 2b an array 

10 14 of detectors 15 is shown to lie on the focal plane 

infrared rays (not shown) enter the thermal imaging device 

2 through aliens 11 and form an image of the scene !in this 

case the object 12) on the array 14. Each detector 15 

detects the amount of infrared energy incident upon it and 

15 converts the measured energy to an electrical signal which 

de^crZr'tt'^ """^ previously 

described, the processor 3 uses this data to generate a 
temperature map of the scene. generate a 

ooerat^d typically bolometers which may be 

operated at approximately ambient temperature. The 
bolometers may be fabricated from materials such as 
amorphous silicon or vanadium oxide using processes such as 
mxcro-machinxng or etching. Incident infrared enercv 
25 causes the bolometer to heat up, thereby changinrits 
electrical resistance. The resistance of each bolometer is 
measured using a biassing means (not shown) . Alternative 
types of detectors 15 may be used in place of bolometerl 
for example thennopile or pyroelectric detectors. 

The thermal imaging system 2 is cased in a protective 
housing 16. This may include an internal heater 
controlled by a thermostat, and also provision for li^i^ 
cooling. The array 14 of detectors 15 may be maintainerat 
J5 Its operational temperature by a device operating on th! 
Peltier principle. The housing is may also incorporate an 
air purging system and a protection window. ^^se 
optional features are not shown in the Figures. 

' sion.^T""'''"""' ^^"^ ''"'^^^^^ ^^"^^--^ ha-e limited 

signal drive capability and the read out must be located 



wo 2004/097389 PCT/GB2004/001778 

13 

within a few metres of the camera. in the arrangement 
shown, the camera is connected on a short cable to a user 
interface box. This provides long cable drive capability 
so that the processor can be mounted up to 1 kilometre from 
5 the camera. It also provides a convenient connection point 
. at which to couple such a thermal imaging device with the 
processor 3. Also during system installation and 
commissioning, a local visual display unit may be connected 
at this point to view the received image, thereby assisting 
the setting-up of the apparatus. 
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The above described system is capable of very high 
precision temperature measurement, typically within fairly 
localised areas of the scene viewed by the imaging device, 

15 and within reasonably narrow temperature limits. For 
example, the target object 8 may fill perhaps 20% of the 
scene and its temperature might be known to within 25-35'c. 
The heat sources 6 and 7 may then be set to 25''C and 35°C 
respectively and the temperature of the object 8 could be 

20 determined (by the imaging system) to approximately 0.5°c. 
The thermal imaging system allows this to be achieved with 
a low cost, general purpose thermal array imaging device 
whose pre-calibration may be over a wide span (e.g. o- 
3 00°C) and whose accuracy, without the reference source 

25 correction, may be quite poor (e.g. ± 4''c) . 

A second example of the use of a system according to 
the invention is now described. In this case the system is 
adapted to be sensitive to body heat radiated from human 

30 subjects. The purpose of this second example is to detect 
abnormalities in the temperatures of human subjects. One 
example of this is in providing screening for circulatory 
problems in the limbs of human subjects. Poor circulation 
often manifests itself in low temperatures of peripheral 

35 body parts such as hands. 

An further important example is in the detection of 
elevated body temperatures in human subjects, this being 
indicative of disease. In this example, the modified 
40 apparatus described above is installed at a point of entry 
into. a country (such as an airport). The temperatures of 
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the faces of travellers passing into the coxintry are then 
monitored with the system. It is convenient to use the 
faces of subjects since these ate frequently not covered 
and exhibit sufficient variations in temperature for 
5 disease detection and screening. Travellers suffering from 
certain infectious diseases are often found to exhibit 
elevated temperatures above the 37 Celsius norm. The 
maximum temperatures are found on the faces of subjects 
where the eyes meet the nose. Temperatures are elevated in 
diseased subjects by up to 4 Celsius in such regions 
These can be detected reliably with the system described.' 

The apparatus described above is therefore modified to 
detect such ten^>erature variations in human subjects The 
imaging device 2 is installed above a doorway or passenger 
thoroughfare. Images of the human subjects (each subject 
acting as the object 8 in Figure 1) are then obtained. The 
heat sources 6 and 7 are also heated to specific 
temperatures (typically around 37 Celsius) to achieve this 
These are again placed within the view of the imaging 
device 2 . 
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When a human subject exhibiting an elevated 
temperature is detected, a signal is produced and the 
25 system operator is alerted. The subject so identified can 
then be subjected to further questioning and/or medical 
tests to ascertain the reason for their high temperature. 

The system according to this example is therefore 
extremely valuable in controlling the spread of diseases 
such as influenza and the SARS (Severe Acute Respiratory 
Syndrome) virus. 
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Figure 3 shows a preferred embodiment of a reference 
heat source which could be used in the above described 
thermal imaging system, for instance as heat source 6 
Figure 3A shows a cross-section through the heat source 6 
along the line A-A shown in Figure 3B. 

40 The heat source 6 includes a miniature reference 

source in the form of a black body cavity 21 mounted on a 
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heat sink 26 and provided with convenient control and 
connection means 27,28. The heat source 6 has a stand 29 
for easy positioning of the heat source 6 close to the 
object 8 in the field of view of the thermal imaging device 
2 (see Figure 1) . 

The reference source itself is shown enlarged in 
Figure 3C. This consists of a black body cavity 21 defined 
by cavity wall 20 which is typically made of metal. The 
mside of the cavity is generally grooved as shown in 
Figure 3C and painted matt black in order to make the 
apparatus closely approximate to a true black body. Cavity 
wall 20 is surrounded by an airspace 22 inside an 
xnsulating housing 23. A temperature control sensor is 
embedded in cavity wall 20 and connected to circuit board 
27. The control sensor 30 may typically be a thermistor. 
This xs used to monitor the temperature of the black body 
cavity 21. However, the cavity wall 20 may optionally 
also be provided with a bore 24 into which a second 
reference temperature sensor may be inserted. This sensor 
could be selected and inserted by the system user and, for 
example, it may be a resistance thermometer calibrated by 
a national laboratory. Bore 24 is open at the front of the 
heat source 6 for easy user access. 

A Peltier device 25 is provided adjacent to cavity 
wall 20 and controlled by the circuit board 27 so as to 
heat or cool the black body cavity 21 as required to 
maintain the reference source at the desired temperature. 

The heat source 6 depicted in Figure 3 is a convenient 
and usable example of a suitable reference source, but many 
other types of heat source could be used without departing 
from the scope of the invention. 

Figure 4 shows a further example of the use of a 
system according to the invention. In this application 
the thermal imaging system is used to check refrigerator 
heat exchangers. On a production line 40, the fridges 41, 
41' etc are moved along a conveyor and stopped at a 
reference position in front of a thermal imaging device 2 
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Also xn the field of view of the imaging device 2 are 
reference heat sources 6 and 7 situated close to the 
reference position. As described above, the temperature of 
each heat source 6, 7 is chosen so as to be close to the 
expected temperature of the heat exchanger 42. An image of 
the refrigerator heat exchanger 42 is taken by the thermal 
xmagxng devxce 2- and corrected to high temperature 
precxsxon usxng the above described method based on the two 
reference sources 6 and 7 placed in the field. Connection 
boxes 43 and 44 convey the data to a computer 45 where the 

'"r". T ^ reference image 

of what an xdeal heat exchanger should look like. Defects 
and anomalies in the heat exchanger 42 may therefore be 
xdentxfxed and repaired if necessary. 

A still further example of the use of a system 
according to the invention is application of the systL to 
the sxtuatxon in which "natural" objects in the scene are 
instrumented with precision contact thermometers and are 
used themselves as reference sources. Essentially, one or 
more objects already present in the scene to be imaged are 
selected and their temperatures precisely measJed and 
monitored. These known temperature points act as reference 
sources and allow the thermal imaging system to generate 
calxbrated temperature maps as previously described. 

This mode could be used for example in surgery, in 
particular, laser surgery. skin areas of the p^ient 
adjacent to the "wound" or target area, are fitted with 
contact thermometers. These areas have the same emissivity 
as the target area. Thus, using the above described 

T " ^"^""""^ '"^^^"5 directed 

onto the target area and its surroundings may be corrected 
for both camera defects and for emissivity uncertainties. 

Of course, this method of using "natural" objects as 
reference heat sources is not limited to use in surgery and 
could be applied to many other situations including Se 
monitoring of metal melt temperatures or even the imaging 
of refrigerator heat exchangers as shown in Figure 4 For 
example, accurate thermometers could be affixed to one or 
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more points on the heat exchanger 42 and used in place of, 
or in addition to, reference sources 6 and 7. 



